In glasshouse studies we have previously shown that endosperm-specific RNAi suppression of the primary starch phosphorylation enzyme, Glucan, Water Dikinase (GWD) leads to enhanced early vigor, greater leaf biomass, and increases in both head size and yield. To confirm these affects in a field setting, trials were conducted in three Australian environments. Field results were consistent with those in the glasshouse for increased flag leaf area and rachis nodes. However, there was also a decrease in tiller number and consequently a decrease in yield for one event at two sites. These findings provide potentially important information on plant vigor enhancement and highlight the challenges of transferring the modification of complex traits from single plants in controlled environments to the field.
Introduction
Wheat has been an important component of the human diet for thousands of years. Wheat has been found in human settlement pits over 8000 years old [1] . The demand for staple crop products is predicted to grow by 60% by 2050, with major increases occurring in the next 20 years, while the production area is likely to increase by only 10% over the same period [2] . With around 750 million tons produced each year worldwide, wheat is (after maize) the second most produced food among the cereal crops. Improving yield potential in this major crop is an important research challenge.
Many tools from soil preparation and seed placement at planting time, use of crop rotation and fertilizers, advances in harvesting methods to marker-assisted selection, genetic introgression and hybrid technology have been applied to improve the agronomic performance of cereals [3, 4] . The recent emergence of gene editing technology provides another potential tool for increasing productivity to match the predicted demand [5] , as long as suitable targets for editing are identified to provide yield increases.
While no Genetically Modified (GM) traits have been commercialized in wheat, significant investment has been made towards improving its agronomic performance. In wheat, starch makes up over 70% of total grain dry weight and provides the energy required by the embryo to fuel metabolic processes during the first days of grain germination [6, 7] . Therefore, starch has been considered one of the primary targets for agronomic performance enhancement. A prominent example is the endosperm-specific over-expression of the large subunit of ADP-glucose Pyrophosphorylase (AGPase) in wheat, leading to increased plant biomass and seed yield in glasshouse experiments [8] [9] [10] [11] .
We have developed transgenic wheat lines with endosperm-specific downregulation of a primary enzyme involved in starch degradation, Glucan, Water Dikinases (GWD) [12] . The dikinases, including GWD, and Phosphoglucan, Water Dikinase (PWD), along with the phosphatases (Starch Excess4 (SEX4), LikeSexFour1 and 2 (LSF1 and 2)), modify the level of phosphate groups in starch [13] [14] [15] [16] , allowing access to degradative enzymes including Endo (α) and Exo (β) amylases [16] .
Although the involvement of starch phosphorylation in transitory starch catabolism has been extensively studied [17] , the importance of phosphoglucans in cereal endosperm is yet to be fully understood. Using an RNAi approach and a grain-specific promoter (the high molecular weight glutenin Bx17 promoter) [12] , we suppressed GWD expression in the endosperm of developing wheat grain. Unexpectedly, we also observed that in glasshouse studies inactivation of GWD in the endosperm of wheat led to increases in early vigor, plant biomass and yield, associated with alteration of head architecture including head size in a single-pot glasshouse trial. The increase in coleoptile length was observed from an early stage and maintained throughout plant development in all glasshouse studies [7] .
Here we provide results from field trials of GWD RNAi wheat performed in three Australian environments, and discuss the importance of measuring transgenic traits in real-world settings.
Results and Discussion
The effect of GWD RNAi on yield at a plot level was different to the observations made of single plants in a controlled environment. Although there was a trend for increased yield in one of the three environments (Narrabri NSW), yield was not significantly increased at any site ( Figure 1 ). For TaGWD4-7, the yield was significantly (p < 0.05) reduced at both Ginninderra and Merredin. This is in contrast to previous glasshouse results where increases in yield were observed [12] . It should be noted that yield comparisons can only be made within sites, as different harvesting equipment and techniques were used at each site.
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There appears to be a strong environmental effect on the GWD RNAi phenotype. In the highly controlled glasshouse environment, when resources were not limited, no difference in tiller number was found, while the field results showed a consistent and clear reduction. Between the field sites there were also clear differences. Narrabri, where conditions were least limiting, was the site with the most positive yield outcome for GWD RNAi lines, where a consistent but non-significant increase was found. When resources or environmental conditions were more limiting, like at Ginninderra or more in the semi-arid Western Australian region of Merredin, it seems that the GWD RNAi lines were unable to overcome the effect of reduced tillering. Manipulation of the carbohydrate pathway may have impacted source/sink relationship [10, 18] . Transgenic plants might have an altered response to carbon allocation when resources become scarce.
Further work on this technology should therefore focus on the cause of reduced tillering, and identifying the factors that limit the maximum seed fill of which this technology is capable.
For GM traits, as for any novel gene variation investigation, it has been demonstrated that the effect obtained in a highly controlled environment could differ drastically in more variable growing conditions [19] . We have shown this to be the case for GWD RNAi for overall yield, where the Despite the use of an endosperm-specific promoter, increases in biomass were found for GWD RNAi lines during development in the glasshouse. While similar biomass increases were not identified in field conditions, the effect on tillering suggests that the presence of the RNAi construct is still affecting plant growth during development and is not limited to effects on grain development.
For GM traits, as for any novel gene variation investigation, it has been demonstrated that the effect obtained in a highly controlled environment could differ drastically in more variable growing conditions [19] . We have shown this to be the case for GWD RNAi for overall yield, where the response was not only different to that in glasshouse conditions, but different in each environment. Such complexity of response is not surprising given that yield is made up of multiple components, each of which may be affected by the transgenic event and environment in different ways. However, we have also shown stability in certain traits between the glasshouse and the field, indicating a certain uniformity of response in plant architecture to GWD downregulation.
If agricultural production is to increase in an environment of growing pressures on land use, reduced availability of inputs, and increasing climate uncertainty, transgenic technologies must be considered. However, as we have highlighted in this work, it is critical that GM traits are studied in multiple environments that are as close as possible to production settings, especially for complex traits. It is also clear that improving yield for cereal crops through GM will require a clear understanding of the transgenic effect in the background germplasm, which may require specific breeding to overcome particular limitations, such as reduced tillering.
Experimental Section

Field Design
Field trials were conducted, under DIR (Dealing involving an Intentional Release of GMO inot the environement) licenses 099, 111 and 112 issued by the Office of the Gene Technology Regulator, during the growing season 2012/13 at three sites representing different growth environments for wheat: Narrabri (New South Wales, irrigated, very favorable conditions); Ginninderra Experimental Station (Australian Capital Territory, non-irrigated, limited conditions); and Merredin (Western Australia, low yielding conditions) (Table A2) .
Each trial was a partially replicated, split plot design, with event and presence of the construct (positive vs. isogenic control) as the split plot treatment. Nitrogen treatments meeting standard agronomic practice for the region of the trial were applied at sowing and again just prior to anthesis.
Measurements
Flag leaf area was measured at anthesis, only at the Narrabri site. Ten flag leaves were selected at random from each plot, and measured with a CI-203 leaf area meter (CID Bio-Science, Camas, WA, USA). Tiller counts were taken at anthesis. The total number of stalks inside a 90 cm 2 frame was counted in three locations per plot at each site.
Harvest cuts were taken at each site from two locations in each plot at each site. All stalks in a 90-cm 2 frame were cut at ground level and processed for biomass, harvest index and thousand grain weight in the laboratory. Rachis nodes were recorded for 10 randomly selected spikes from each harvest cut for events TaGWD1-1 and TaGWD4-7 from the Ginninderra site.
At the Narrabri site, plots were harvested by hand and processed on site with a mobile thresher. At Gininderra and Merredin, plots were machine harvested. Plot yield was standardized by dividing by plot area to calculate kg·m −2 . Plot biomass was estimated by dividing plot yield by harvest index.
Statistical Analysis
Statistical analysis was performed in ASReml-R. All data were included in the analysis to maximize the spatial information. A base model treating event, construct presence, density and seed source as fixed effects and main plot and position as random effects was fitted. Spatial terms were fitted for each trait as appropriate. Least significant differences were only calculated for comparisons between the same background where the construct was both present and absent-events TaGWD1-1 and TaGWD4-7.
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